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Abstract
7KURXJKWKHVXSSRUWRIWKH86'HSDUWPHQWRI(QHUJ\&OHDQ(QHUJ\6\VWHPV,QFDQGLWVGHYHORSPHQWSDUWQHUVKDYHGHVLJQHG
PDQXIDFWXUHG DQG WHVWHG DQG LQGXVWULDOVFDOH R[\IXHO WXUELQH VXLWDEOH IRU DSSOLFDWLRQV LQ R[\FRPEXVWLRQ SRZHU F\FOHV WKDW
FDSWXUHJUHDWHUWKDQRISURGXFHGFDUERQGLR[LGH7RVDYHRQGHYHORSPHQWFRVWDQGVFKHGXOHDXVHGLQGXVWULDOJDVWXUELQH
DQ6*7%HQJLQHZDVSXUFKDVHGLVDVVHPEOHGDQGLQVSHFWHGWKHQUHWURILWWHGWRDFWDVDQLQWHUPHGLDWHSUHVVXUHKRW
JDV H[SDQGHU  $OVR WKH HQJLQH¶V DLUEUHDWKLQJ FRPEXVWRUV ZHUH FRQYHUWHG LQWR R[\IXHO UHKHDWHUV WR ERRVW WXUELQH LQOHW
WHPSHUDWXUHVDQG WKHUHIRUHF\FOHHIILFLHQFLHV $GHGLFDWHG WHVW ULJZDVGHVLJQHG IDEULFDWHG LQVWUXPHQWHGDQG LQVWDOOHGDWDQ
H[LVWLQJWHVWIDFLOLW\WRGHPRQVWUDWHUHKHDWHUSHUIRUPDQFHSULRUWRLQVWDOODQGRSHUDWLRQVZLWKLQWKHR[\IXHOWXUELQH&RPSRQHQW
WHVWUHVXOWVSURYHWKHIHDVLELOLW\RIJDVWXUELQHFRQYHUVLRQWRR[\IXHOWXUELQHKRZHYHUIXUWKHUWHVWLQJLVUHFRPPHQGHGWRIXUWKHU
YHULI\SHUIRUPDQFHDWKLJKHUSRZHUOHYHOVDQGORQJHUGXUDWLRQV

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
6HOHFWLRQDQGSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI*+*7
Keywords:R[\IXHO2)R[\FRPEXVWLRQR[\IXHOWXUELQH2)7HQKDQFHGRLOUHFRYHU\(25FDUERQFDSWXUHDQGVWRUDJH&&6FDUERQ
FDSWXUHXWLOL]DWLRQDQGVWRUDJH&&86
1. Introduction  
)XWXUHIRVVLOIXHOHGSRZHUJHQHUDWLRQV\VWHPVZLOOUHTXLUHHPLVVLRQFRQWUROWHFKQRORJLHVVXFKDVFDUERQFDSWXUH
DQG VHTXHVWUDWLRQ &&6 WR FRPSO\ ZLWK JRYHUQPHQW JUHHQKRXVH JDV UHJXODWLRQV  7KH WKUHH SULPH FDQGLGDWH
WHFKQRORJLHV ZKLFK SHUPLW FDUERQ GLR[LGH &2 WR EH FDSWXUHG DQG VDIHO\ VWRUHG LQFOXGH SUHFRPEXVWLRQ SRVW


&RUUHVSRQGLQJDXWKRU7HO)D[
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FRPEXVWLRQDQGR[\IXHO2)FRPEXVWLRQ 6LQFHWKHFRPSDQ\¶V LQFHSWLRQLQ&OHDQ(QHUJ\6\VWHPV,QF
&(6 KDV EHHQ GHVLJQLQJ DQG GHPRQVWUDWLQJ HQDEOLQJ WHFKQRORJLHV IRU R[\IXHO SRZHU JHQHUDWLRQ VSHFLILFDOO\
VWHDPJDVJHQHUDWRUVKRWJDVH[SDQGHUVDQGUHKHDWFRPEXVWRUV>@
5HFHQWO\&(6SDUWQHUHGZLWK)ORULGD7XUELQH7HFKQRORJLHV,QF)77DQG6LHPHQV(QHUJ\,QF6LHPHQV WR
GHYHORSDQGGHPRQVWUDWHWXUERPDFKLQHU\V\VWHPVFRPSDWLEOHZLWKWKHXQLTXHFKDUDFWHULVWLFVRI2)ZRUNLQJIOXLGV
7KHWHDPKDVDGRSWHGDQDJJUHVVLYHEXWHFRQRPLFDOO\YLDEOHGHYHORSPHQWDSSURDFKWRDGYDQFHWXUELQHWHFKQRORJ\
WRZDUGV HDUO\ SURGXFW UHDOL]DWLRQ *RDOV LQFOXGH VKRUWWHUP LQFUHPHQWDO DGYDQFHV LQ SRZHU SODQW HIILFLHQF\ DQG
RXWSXWZKLOHPLQLPL]LQJFDSLWDOFRVWVDQGFRVWRIHOHFWULFLW\
7KH VHFRQG SKDVH RI WKLV GHYHORSPHQW ZRUN KDV EHHQ JUHDWO\ HQKDQFHG E\ D FRRSHUDWLYH DJUHHPHQW ZLWK WKH
8QLWHG6WDWHV86'HSDUWPHQWRI(QHUJ\'2( 8QGHU WKLVSURJUDPWKH WHDPKDVGHVLJQHGPDQXIDFWXUHGDQG
WHVWHG D FRPPHUFLDOVFDOH LQWHUPHGLDWHSUHVVXUH WXUELQH ,37 WR EH XVHG LQ LQGXVWULDO 2) SRZHU SODQWV  7KHVH
SODQWVZLOOXVHGLYHUVHIXHOVDQGEHFDSDEOHRIFDSWXULQJRIWKHSURGXFHG&2DWFRPSHWLWLYHF\FOHHIILFLHQFLHV
DQG FRVW RI HOHFWULFLW\  ,W LVSRVWXODWHG WKDW LQLWLDO SODQWVZLOO EXUQQDWXUDO JDV 1*DQGJHQHUDWHPRUH WKDQ
0:HZLWKQHDU]HURHPLVVLRQV

Nomenclature  
$55$ $PHULFDQ5HFRYHU\DQG5HLQYHVWPHQW$FW ,37 LQWHUPHGLDWHSUHVVXUHWXUELQH
$68 DLUVHSDUDWLRQXQLW .33 .LPEHUOLQD3RZHU3ODQW
%23 EDODQFHRISODQW /&2 FDUERQGLR[LGHOLTXLG
&&6 FDUERQFDSWXUHDQGVHTXHVWUDWLRQ /2; OLTXLGR[\JHQ
&&86 FDUERQFDSWXUHXWLOL]DWLRQDQGVHTXHVWUDWLRQ /3 ORZSUHVVXUH
&(06 FRQWLQXRXVHPLVVLRQVPRQLWRULQJV\VWHP /37 ORZSUHVVXUHWXUELQH
&(6 &OHDQ(QHUJ\6\VWHPV,QF 1 QLWURJHQJDV
&+ PHWKDQHJDV 1(7/ 1DWLRQDO(QHUJ\7HFKQRORJ\/DERUDWRU\
&2 FDUERQPRQR[LGH 1* QDWXUDOJDV86SLSHOLQHTXDOLW\
&2 FDUERQGLR[LGHJDV 12[ QLWURJHQR[LGHV
&S VSHFLILFKHDW 2 R[\JHQJDV
&: FRROLQJZDWHU 2) R[\IXHO
'2( 86'HSDUWPHQWRI(QHUJ\ 2)7 R[\IXHOWXUELQH
(*5 HQKDQFHGJDVUHFRYHU\ 3) SDWWHUQIDFWRU
(25 HQKDQFHGRLOUHFRYHU\ 5+ UHKHDWHURUUHKHDWFRPEXVWRU
)77 )ORULGD7XUELQH7HFKQRORJLHV,QF 7& WKHUPRFRXSOH
*7 JDVWXUELQHHQJLQH 7,7 WXUELQHLQOHWWHPSHUDWXUH
** JDVJHQHUDWRUR[\IXHOFRPEXVWRU 7H[K PD[ PD[LPXPPHDVXUHGH[KDXVWWHPSHUDWXUH
+ K\GURJHQJDV 7H[K DYH DYHUDJHPHDVXUHGH[KDXVWWHPSHUDWXUH
+3 KLJKSUHVVXUH 7LQ DYH DYHUDJHLQOHWWHPSHUDWXUH
+37 KLJKSUHVVXUHWXUELQH 86 8QLWHG6WDWHVRI$PHULFD
+; KHDWH[FKDQJHU 6LHPHQV 6LHPHQV(QHUJ\,QF
,3 LQWHUPHGLDWHSUHVVXUH :) ZRUNLQJIOXLG

2. The oxy-fuel cycle 
$UHSUHVHQWDWLYH2)SRZHUF\FOHLVVKRZQLQ)LJXUH,WEHJLQVZLWKDQDLUVHSDUDWLRQXQLW$68WKDWJHQHUDWHV
QHDUO\SXUHR[\JHQ2 WKDW LVIHG WR WKHSULPDU\2)FRPEXVWRUDOVRNQRZQDVDJDVJHQHUDWRU** 7KH**
FRPEXVWVWKHJDVHRXV2GLUHFWO\ZLWKDVHOHFWHGIXHOXVXDOO\DJDVHRXVK\GURFDUERQWRSURGXFHDKRWJDVVWUHDP
FRPSULVHGSUHGRPLQDQWO\RIVWHDPDQG&28WLOL]LQJUHF\FOHGZDWHUDQGRU&2WKHKRWJDVLVFRROHGZLWKLQWKH
**WRWKHGHVLUHGWHPSHUDWXUHRIDKLJKSUHVVXUHWXUELQH+37EHIRUHLWLVUHKHDWHGDQGIXUWKHUH[SDQGHGWKURXJK
DQLQWHUPHGLDWHDQGORZSUHVVXUHWXUELQH,37DQG/37UHVSHFWLYHO\6LQFHWKHZRUNLQJIOXLG:)LVFRPSULVHGRI
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SULPDULO\VWHDPDQG&2LWLVHDVLO\VHSDUDWHGLQDFRQGHQVHUWRSURGXFHKLJKSXULW\&2YLDEOHIRUVHTXHVWUDWLRQ
HQKDQFHGRLOUHFRYHU\(25RUHQKDQFHGJDVUHFRYHU\(*5DQGH[FHVVZDWHU
7KH+37DQG/37 LQ WKLV F\FOH FDQEH LPSOHPHQWHGXVLQJ H[LVWLQJ VWHDP WXUELQH WHFKQRORJ\ DV WKH RSHUDWLQJ
WHPSHUDWXUHVDUHLQJHQHUDOPRGHVW+LJKRSHUDWLQJWHPSHUDWXUHVZLWKLQWKH,37KRZHYHUKDVEHHQIRXQGFULWLFDOWR
RYHUDOO F\FOH HIILFLHQF\ > @  6WXGLHV KDYH VKRZQ WKDW FRPSHWLWLYH F\FOH HIILFLHQFLHV DQG FRVW RI HOHFWULFLW\ LV
DFKLHYHGZKHQRSHUDWLQJZLWKDQ,37LQOHW WHPSHUDWXUHRI)&>@ZKLFK LVZHOO
DERYHWKHFDSDELOLWLHVRIWUDGLWLRQDOVWHDPWXUELQHV*DVWXUELQHHQJLQHV*7KRZHYHUURXWLQHO\RSHUDWHZLWKLQWKLV
UDQJH EHFDXVH RI VRSKLVWLFDWHGPDWHULDOV DQG FRROLQJ WHFKQRORJ\ZLWKLQ WKH WXUELQH  7KH GHYHORSPHQW WHDP KDV
IRXQG WKDW WKHVH HQJLQHV FDQ EH DGDSWHG WR DFFHSW WKH KLJKVWHDP FRQWHQW ZRUNLQJ IOXLG RI WKH 2) F\FOH ZLWK
PLQLPDOPRGLILFDWLRQ


)LJ6FKHPDWLFRIWKH&(6R[\IXHOSRZHUF\FOH
7KHWRSLFRIWKLVSDSHULVWKHGHYHORSPHQWRIDQLQGXVWULDOVFDOH2),37FDSDEOHRIJHQHUDWLQJXSWR0:H
7KH2)F\FOHXWLOL]LQJ WKLVPRGLILHGJDV WXUELQHHQJLQHZRXOGVWDUWZLWK WKH**FRPEXVWLQJ1*WRSURGXFHKRW
H[SDQVLRQJDVFRPSULVHGRIVWHDPDQGaPRO&27KH+37ZRXOGRSHUDWHDWEHWZHHQWRSVLD
WREDUDZLWKDQLQOHW WHPSHUDWXUHQHDU)a&DV LV W\SLFDOIRUFRQYHQWLRQDOVWHDPWXUELQHV 7KH
PDLQWHFKQLFDOFKDOOHQJHIRUWKH+3WXUELQHLVWKHFKRLFHRIPDWHULDOVIRUURWDWLQJSDUWVWKDWDUHLQGLUHFWFRQWDFWZLWK
WKHVWHDP&2:)ZKLFKFDQDOVRFRQWDLQaPRO2,QWKLVF\FOHWKH+3WXUELQHZLOOSURGXFHDERXWRI
JURVVSODQWSRZHURXWSXW
7KH/3WXUELQHRSHUDWHVDWW\SLFDOJHRWKHUPDOVWHDPWXUELQHFRQGLWLRQVDQGWKHUHIRUHSRVHVDOHVVRIDWHFKQLFDO
FKDOOHQJHZLWK LQOHW WHPSHUDWXUH W\SLFDOO\EHORZ) &DQGSUHVVXUH IURPSVLD EDUDGRZQ WR VXE
DWPRVSKHULF GHSHQGHQW XSRQ FRQGHQVHU SHUIRUPDQFH  +RZHYHU RSWLPL]HG SHUIRUPDQFH LQ FRPELQDWLRQZLWK WKH
FRQGHQVHUVHFWLRQLVDOVRDQLPSRUWDQWFRQVLGHUDWLRQEHFDXVHWKH/3SDUWRIWKHF\FOHFDQSURGXFHXSWRRIWKH
JURVVSODQWSRZHURXWSXW
7KH ,3 WXUELQH SRVHV WKHPRVW VLJQLILFDQW WHFKQLFDO FKDOOHQJH EHFDXVH IROORZLQJ UHKHDWLQJ WKH SUHGRPLQDQWO\
VWHDP ZRUNLQJ IOXLG QRZ LQFOXGHV a PRO RI &2 DW D WHPSHUDWXUH WKDW LV SUHIHUDEO\ ZHOO DERYH WKDW RI
FRQYHQWLRQDO VWHDP WXUELQH RSHUDWLRQV DQGPRUH DNLQ WR WKH JDV WXUELQH WHPSHUDWXUH DQG SUHVVXUHV  (YHQZLWK D
PRGHUDWH RSHUDWLQJ SUHVVXUH RI DSSUR[LPDWHO\  SVLD a EDU WKH ,37ZLOO SURGXFH RYHU  RI JURVV SODQW
RXWSXW)RUWKLVUHDVRQWKHPHUJLQJRIWKH%UD\WRQDQG5DQNLQHF\FOHVLVWKHHVVHQFHRIWKHR[\IXHOWXUELQH2)7
FKDOOHQJHWKDWLVEHLQJDGGUHVVHGIRUFRPPHUFLDOVFDOHKDUGZDUHE\WKHZRUNUHSRUWHGLQWKLVSDSHU7RDFKLHYHWKH
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QHFHVVDU\HFRQRPLHVRIVFDOHLWLVDOVRHYLGHQWWKDWDSRZHUJHQHUDWLRQWXUELQHUDWKHUWKDQDQDHURGHULYDWLYHZRXOG
QHHGWREHVHOHFWHGIRUWKHSUHVHQWSURJUDP
2YHUDOO WKLV F\FOH SURGXFHV URXJKO\  0: JURVV XVLQJ D SUDFWLFDO OLPLWDWLRQ RQ 2)7¶V WXUELQH LQOHW
WHPSHUDWXUH7,7RI)a&$VVXPLQJW\SLFDOSDUDVLWLFORDGVIRUEDODQFHRISODQW%23HTXLSPHQW±
LQFOXGLQJWKH$68DQG&2FRPSUHVVLRQDQGFOHDQXSWRSLSHOLQHVSHFLILFFRQGLWLRQV±WKHQHWSRZHUH[SRUWZRXOG
EH0:H$OWKRXJKRYHUDOOWKHUPDOHIILFLHQF\UHPDLQVORZIRUWKLVILUVWGHPRQVWUDWLRQXQLWDQDO\VHVVKRZVWKDW
PRUHFRPSHWLWLYHF\FOHHIILFLHQFLHVDQGFRVWRIHOHFWULFLW\DUHDFKLHYHGZKHQ7,7DSSURDFKHV)&
DQG DERYH DV LV URXWLQHO\ DFKLHYHG LQ FRQYHQWLRQDO JDV WXUELQHV WKURXJK XVH RI DGYDQFHGPDWHULDOV DQG FRROLQJ
WHFKQRORJ\ZLWKLQWKHWXUELQH
3. Background 
&(6ZDVIRXQGHGLQDQGKDVLWVRULJLQVIURPWKHDHURVSDFHLQGXVWU\DQG866SDFH3URJUDPV7KHFRPSDQ\
KDV VSHFLDOL]HG LQ GHSOR\LQJ R[\JHQEDVHG WHFKQRORJ\ GHYHORSHG LQ URFNHWU\ IRU LQQRYDWLYH IOH[LEOH DQG
HFRQRPLFDOO\ DWWUDFWLYH SRZHU JHQHUDWLRQ V\VWHPV WKDW WDUJHW HIILFLHQW FRPSDFW KHDW WUDQVIHU DQG WKH FDSWXUH RI
JHQHUDWHG&2IRUVHTXHVWUDWLRQRUXWLOL]DWLRQUHVXOWLQJLQ]HURHPLVVLRQV
)RUPRUHWKDQDGHFDGHDGYDQFHPHQWRIWKH&(6WHFKQRORJ\SRUWIROLRKDVDOVREHQHILWHGZLWKVXSSRUWIURPWKH
86 '2(¶V 1DWLRQDO (QHUJ\ 7HFKQRORJ\ /DERUDWRU\ 1(7/  $OUHDG\ LQ  WKH 1(7/ SDUWLFLSDWHG LQ
GHYHORSPHQWDQGWHVWLQJRID0:W2)EXUQHURU**WKDWHYHQWXDOO\FRPSOHWHGPRUHWKDQKUVRISRZHUWR
JULG SURGXFWLRQ DQG LV QRZ D FRPPHUFLDOO\ LQVXUHG XQLW  ,Q  &(6 DQG 1(7/ HQWHUHG LQWR FRRSHUDWLYH
DJUHHPHQW '()&17 IRU ³&RDO%DVHG 2[\)XHO 6\VWHP (YDOXDWLRQ DQG &RPEXVWRU 'HYHORSPHQW´
6XFFHVVIXO GHPRQVWUDWLRQ RI DQ+32) FRPEXVWRU OHG WR DQ H[WHQVLRQ RI WKH DJUHHPHQW WR VXSSRUW2) WXUELQH
GHYHORSPHQW
,Q6HSWHPEHUDPRGLILFDWLRQWRWKHFRRSHUDWLYHDJUHHPHQWZDVDZDUGHGIRU³2[\)XHO7XUER0DFKLQHU\
'HYHORSPHQW IRU (QHUJ\ ,QWHQVLYH ,QGXVWULDO$SSOLFDWLRQV´ XQGHU WKH$PHULFDQ5HFRYHU\ DQG5HLQYHVWPHQW$FW
$55$RI7KHPRGLILFDWLRQDGGHGVFRSHIRUWKHGHVLJQDQGGHPRQVWUDWLRQRIDFRPPHUFLDOVFDOH2)7IRU
XVH LQ FOHDQ IRVVLOIXHO EXUQLQJ 2) SRZHU SODQWV WKDW FDSWXUH  RI WKH SURGXFHG FDUERQGLR[LGH  7ZR NH\
GHFLVLRQVZHUHPDGHLQRUGHU WRH[SHGLWH WKHGHPRQVWUDWLRQRIDQLQGXVWULDOVFDOH WXUELQHZLWKWKHOLPLWHGIXQGLQJ
DQGVFKHGXOHDXVHG*7ZRXOGEHSXUFKDVHGDQGPRGLILHGIRUWKH2)HQYLURQPHQWDQGDQH[LVWLQJIDFLOLW\
ZRXOGEHXVHGWRVXSSRUWORZSRZHUGHPRQVWUDWLRQRIWKHWXUELQHLQDVLPSOH2)SRZHUF\FOH
&(6SDUWQHUHGZLWK)77DQG6LHPHQVWRFRPSOHWHWKHH[SDQGHGVFRSHRIZRUNHDFKOHDGLQJVXEWDVNVZLWKLQWKHLU
DUHDRIH[SHUWLVH)77OHGWKHGHWDLOHGHQJLQHHULQJGHVLJQHIIRUWWRFRQYHUWDFRQYHQWLRQDO*7WRDQLQGXVWULDOVFDOH
2)76LHPHQVOHGWKHZRUNDVVRFLDWHGZLWKDFTXLULQJDQGDGDSWLQJWKHFDQGLGDWHWXUELQHZKLOH&(6PDQDJHGWHVW
VLWHGHYHORSPHQWDQGXSJUDGHVDVZHOODV2)7LQVWDOODQGFRPPLVVLRQLQJ,QWKHWHDPSUHVHQWHGSURJUHVVWR
GDWHLQD7XUER([SRFRQIHUHQFHSDSHUGHWDLOLQJWKHVHOHFWLRQDQGDFTXLVLWLRQRIDXVHG0:H6*7%
JDVWXUELQH(FRQRSDFSODQWWKHHQJLQHHULQJGHVLJQWRFRQYHUWLWLQWRDQ2),37UHQDPHGWKH2)7LQFOXGLQJ
PRGLI\LQJWKHH[LVWLQJFRPEXVWLRQV\VWHPLQWRDQHLJKWFDQDQQXODU2)UHKHDWFRPEXVWLRQV\VWHPDQGWKHLQLWLDO
ZRUNWRGHVLJQDQGXSJUDGH&(6¶H[LVWLQJ.LPEHUOLQD3RZHU3ODQW.33WRVXSSRUWORZSRZHU2)7GHPRQVWUDWLRQ
>@,WLVWKHSXUSRVHRIWKLVUHSRUWWRFRPSOHPHQWWKHSDSHUE\GHWDLOLQJWKHILQDOWHVWSURJUDPLWVUHVXOWVDQG
QH[WVWHSV
7ZR SULPDU\ WHVW GHPRQVWUDWLRQ SKDVHV ZHUH FRPSOHWHG XQGHU WKH '2( FRRSHUDWLYH DJUHHPHQW  7KH ILUVW
GHPRQVWUDWHGWRRNSODFHLQODWH±HDUO\DQGRSHUDWHGDVLQJOHUHKHDWFRPEXVWRUFDQRUUHKHDWHU5+LQ
DGHGLFDWHGWHVWULJGHVLJQHGWRVLPXODWHWKRIWKH2)7HQJLQH([KDXVWLYHWHVWLQJZDVFRPSOHWHGDWGHVLJQ
FRQGLWLRQVZLWKDVWHDPULFKVWHDPDQG&2:)XVLQJSLSHOLQHTXDOLW\1*DVWKHIXHO/DWHUWKHULJZDVPRGLILHG
WR DOORZ IRU VRPH RIIGHVLJQ WHVWV ZLWK &2 HQKDQFHPHQW RI HLWKHU WKH:) RU WKH IXHO  7KHVH WHVWV SURYH WKH
IOH[LELOLW\ RI WKH 2) SRZHU F\FOH WR XVH FRQWDPLQDWHG IXHOV ZKLFK JHQHUDWH D KLJK&2FRQWHQW:) DQG WKH
SRVVLELOLW\RIDVHOIVXVWDLQLQJ(*5IDFLOLW\XVLQJ&(6FRPEXVWLRQWHFKQRORJLHV7KHVHFRQGGHPRQVWUDWLRQZDVRI
WKH2)7SRZHUHGE\WKHSULPDU\2)FRPEXVWRUZLWKRXWILULQJWKHHLJKWFDQUHKHDWFRPEXVWLRQV\VWHP7KLV
ZRUN FRPSOHWHG LQ0DUFK   %\ GHPRQVWUDWLQJ HDFK WKH 5+ DQG WKH2)7 VHSDUDWHO\ RYHUDOO SURJUDP DQG
GHYHORSPHQW ULVNV ZHUHPLWLJDWHG  %HFDXVH SURJUDP IXQGLQJ ZDV FRQVXPHG XSRQ WKH FRPSOHWLRQ RI WKHVH WZR
 R. Anderson et al. /  Energy Procedia  63 ( 2014 )  511 – 523 515
GHPRQVWUDWLRQSKDVHVWKHQH[WVWHSRIRSHUDWLQJWKH2)7ZLWKUHKHDWFRPEXVWRUVZDVXQDEOHWREHUHDOL]HGDQG
KDVEHHQSODFHGRQKROGLQGHILQLWHO\
4. Test articles 
7KLV VHFWLRQ GHVFULEHV WKH SURWRW\SH HTXLSPHQW WKDW ZDV GHVLJQHG PDQXIDFWXUHG DQG HYDOXDWHG GXULQJ WKH
SURJUDP 7KHVH LQFOXGHDPRGLILHG6*7%JDV WXUELQHHQJLQH DQGD VLQJOHFDQ2) UHKHDW FRPEXVWRU
GHVLJQHG WR RSHUDWHZLWKLQ WKH HLJKWFDQDQQXODU FRPEXVWLRQ V\VWHPRI WKH2)7  )LJXUH  VKRZV LPDJHV RI
ERWKHDFKZLWKIORZIURPOHIWWRULJKW

 

)LJD6LQJOH2)7UHKHDWFRPEXVWRUE6ROLGPRGHORI2)7WRSKDOIUHPRYHGWRVKRZLQWHUQDOGHWDLOV
4.1. OFT-900 
$Q 6*7 JDV WXUELQH HQJLQH ZDV VHOHFWHG IRU PRGLILFDWLRQ LQWR DQ 2) ,37 GXH WR LWV DHURG\QDPLF DQG
WKHUPRG\QDPLFSHUIRUPDQFHWXUELQHVL]HILULQJWHPSHUDWXUHDQGSUHVVXUHFRQGLWLRQVFRROLQJV\VWHPIXQFWLRQDOLW\
DQG WKH IOH[LELOLW\ WR LQFRUSRUDWH QHFHVVDU\ FRQILJXUDWLRQ FKDQJHV WR HQVXUH PHFKDQLFDO LQWHJULW\  $GGLWLRQDO
FRQVLGHUDWLRQVLQFOXGHGWKHDYDLODELOLW\RIVXUSOXVHTXLSPHQWDQGDFFHVVWRWHFKQLFDOGDWDRQWKHHQJLQHDQGDX[LOLDU\
HTXLSPHQW
:KHQ GHVLJQLQJ WKH HQJLQH¶V FRQYHUVLRQ WR DFFHSW WKH2) GULYH JDV WKH JHQHUDO SKLORVRSK\ZDV WR NHHS WKH
PRGLILFDWLRQVPLQLPDO IRU WKLV ILUVWSURRIRIFRQFHSWXQLW HVSHFLDOO\ VLQFH LQLWLDO WHVWVZHUH WREHSHUIRUPHG LQD
ORZSRZHUVLPSOHF\FOHVKRUWGXUDWLRQGHPRQVWUDWLRQ 7KDW LVRQO\SHUIRUPWKHUHTXLUHGPRGLILFDWLRQVIRU2)7
GHPRQVWUDWLRQDWVLPLODURUORZHUWHPSHUDWXUHDQGSUHVVXUHWKDQWKHRULJLQDO*7GHVLJQVSHFLILFDWLRQV
1HFHVVDU\PRGLILFDWLRQVRIWKH6*7WRHQDEOHXVHLQWKH2)F\FOHLQFOXGHWKHDLULQOHWPDQLIROGDQGD[LDO
FRPSUHVVLRQV\VWHPLVUHPRYHGDQGUHSODFHGE\VWHDPLQWDNHDQGGXFWV\VWHPWRDFFHSWWKH+3:)IURPDQH[WHUQDO
VRXUFH DQG GLUHFW LW WRZDUG D UHKHDW FRPEXVWRU V\VWHP  WKH FRQYHQWLRQDO FRPEXVWRUV DUH UHSODFHG E\ 2)
VWHDP&2 UHKHDWHUV  D URWRU WKUXVW EDODQFH V\VWHP LV LQFRUSRUDWHG WR UHGXFH KLJK WKUXVW EHDULQJ ORDGVZKLFK
UHVXOWHG IURP WKHFRPSUHVVRU UHPRYDO DQG ILQDOO\ D URZRI WXUELQHH[LWJXLGHYDQHV LV LQVWDOOHG WRGHVZLUO WKH
H[KDXVWIORZZKLFKUHVXOWHGIURPWKHFKDQJH LQ:)±RWKHUZLVH WKH WXUELQHVHFWLRQUHPDLQVXQPRGLILHG )XUWKHU
GHWDLOVGHVFULELQJGHVLJQFRQVLGHUDWLRQVXQGHUWDNHQE\)77DUHDYDLODEOHLQ5HIHUHQFH>@
2IFRXUVHWKHFHQWUDOFKDQJHIURP*7WR2)7ZDVIURPDQDLUEDVHG:)WRDVWHDP&2:)7KHSURSHUWLHVRI
WKH 2):) DIIHFW WKH DHURG\QDPLF DQG WKHUPRG\QDPLF SHUIRUPDQFH RI WKH WXUELQH  6WHDP KDV D VLJQLILFDQWO\
KLJKHUVSHFLILFKHDW&SWKDQDLUDQGWKHUHIRUHSURGXFHVPRUHSRZHUDWDJLYHQPDVVIORZUDWH,QWKLVFDVHWKH:)
RIWKH2)7FRQVLVWVRIDPL[WXUHRIVWHDPDQG&2UHVXOWLQJLQD&SaJUHDWHUWKDQWKH
FRPEXVWLRQSURGXFWVRIDWUDGLWLRQDO1*DQGDLU*77KHHIIHFWVRILQFUHDVHG&SKRZHYHUDUHSDUWLDOO\RIIVHWE\WKH
UHGXFHGUDWLRRIVSHFLILFKHDWVDQGPROHFXODUZHLJKWRI WKHIOXLG 6R IRUDJLYHQ WXUELQHVL]HSUHVVXUHUDWLRDQG
LQOHW WHPSHUDWXUH WXUELQHSRZHUZLOO W\SLFDOO\ LQFUHDVHE\DERXWZKHQXVLQJDQ2):)YHUVXVDQDLUEDVHG
:)7KHGHVLJQWHDPPDWFKHGWKH2)7¶VRSHUDWLQJSUHVVXUHVDQGVSHHGWRWKH6*7¶VEXWUHGXFHGWKHWXUELQH¶V
D     E
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RSHUDWLQJ WHPSHUDWXUH 7KH7,7ZDV UHGXFHGE\)& IURP)& WR)& LQ
RUGHUWRPDWFKWKHWHPSHUDWXUHVDWWKHEDFNHQGRIWKHWXUELQHHOLPLQDWLQJWKHQHHGIRUPDWHULDOFKDQJHV


)LJ2)7DQGJHQHUDWRULQVWDOOHGDW&(6.33
6LHPHQVXVHG)77GHVLJQVWRFRPSOHWHWKHFRQYHUVLRQRIDXVHG6*7%WRDILUVWRIDNLQGLQGXVWULDO
VFDOH2)7 LQ )LJXUH VKRZV WKH2)7DQG0:%UXVK HOHFWULFJHQHUDWRU VHW DW&(6.33 LQ
6HSWHPEHU  :LWK WKH FRPSUHVVRU UHPRYHG WKH UHFRQILJXUHG2)7 LV UDWHG IRU 0:H QHDUO\ WKUHH
WLPHV WKH UDWLQJ RI WKH 6*7  7KLV LV W\SLFDO RI WKH ORDG GLVWULEXWLRQ IRU DQ D[LDO FRPSUHVVRUWXUELQH
FRQILJXUDWLRQ2QHLPSOLFDWLRQKRZHYHULVWKDWWKHPD[LPXPVSHFLILFDWLRQIRUVKDIWDQGG\QDPLFWRUTXHEHKDYLRU
FDQEHFRPHDOLPLWLQJGHVLJQIHDWXUH$QRWKHUFRQVLGHUDWLRQLVWKHUHODWLRQVKLSEHWZHHQPDVVIORZD[LDOYHORFLW\
DQGURWDWLRQDOVSHHGWKDWGHILQHVYHORFLW\WULDQJOHVDQGEODGHLQFLGHQFHDQJOHVLQWKHWXUELQH7KHH[WHQWWRZKLFK
WKLVUHGXFHVWXUELQHHIILFLHQF\KDVQRW\HWEHHQGHWHUPLQHGH[SHULPHQWDOO\GXHWRWKHOLPLWHG2)7WHVWLQJWRGDWH
4.2. OFT-900 single reheat combustor 
7KHSXUSRVHRIWKH2)7¶VUHKHDWFRPEXVWLRQV\VWHPLVWRKHDWWKHZDUPVWHDP&2:)H[KDXVWHGIURPWKH+37
WRWKHGHVLUHGLQOHWWHPSHUDWXUHRIWKH2)WXUELQHZLWKPLQLPDOSUHVVXUHORVVHV7KHWDUJHWVVHWIRUWKH2)7
5+ LV WR ERRVW:) WHPSHUDWXUHV IURP DSSUR[LPDWHO\ ) & WR ) & ZLWK D WRWDO V\VWHP
SUHVVXUH GURS RI OHVV WKDQ   7R DFFRPSOLVK WKLV ZKLOH VWLOO PDLQWDLQLQJ WKH RYHUDOO GHVLJQ SKLORVRSK\ &(6
HOHFWHG WR XWLOL]H WKH H[LVWLQJ 6*7 FRPEXVWLRQ FDQV EXW UHSODFH WKH IURQWHQG DLUIXHO VZLUOHU QR]]OHV ZLWK
SODWHOHWEDVHG2) LQMHFWRUV 7KLV LQMHFWRUSURYLGHVSUHFLVHPL[LQJRIQHDUVWRLFKLRPHWULF UDWLRVRI1*DQG2 WR
JHQHUDWHVWDEOHHIILFLHQWFRPEXVWLRQ6RPHRIWKHZDUPVWHDP&2:)E\SDVVHVWKHLQMHFWRUIRUXVHDVFRPEXVWLRQ
DQGPHWDOWHPSHUDWXUHFRQWURO$OOJDVHVDUHIXOO\PL[HGE\WKHWLPHWKHUHKHDWHG:)UHDFKHVWKHWXUELQHLQOHW
7KHHQJLQH¶V5+V\VWHPLVPDGHXSRIHLJKW2)FRPEXVWRUVRSHUDWLQJZLWKDQLQOHWSUHVVXUHRISVL
EDUHDFKUDWHGDWDSSUR[LPDWHO\0:W ,QRUGHU WRUHGXFHSURJUDPULVNVDVLQJOHIXOOVFDOHUHKHDWFRPEXVWRU
FDQ)LJXUHDZDVIDEULFDWHGLQVWUXPHQWHGDQGLQVWDOOHGLQDGHGLFDWHGWHVWULJGHVLJQHGWRVLPXODWHWKH2)7¶V
LQWHUQDO IORZ FRQGLWLRQV  3ODFHPHQW RI5+ LQVWUXPHQWDWLRQ WKHUPRFRXSOHV 7&V DQG SUHVVXUH WUDQVPLWWHUVZDV
JXLGHGE\UHVXOWVRISUHGLFWLYHDQDO\VHVFRPSOHWHGGXULQJEXUQHUGHVLJQ7&VXVHGZHUHW\SH.,QFRQHOVKHDWKHG
JURXQGHG WKHUPRFRXSOHVDWWDFKHGZLWKVPDOO VWULSVRI ,QFRQHOVKHHWLQJVSRWZHOGHG LQWRSODFH 7RWDO VWDWLFDQG
GLIIHUHQWLDOSUHVVXUHVDFURVVWKH5+ZHUHLQVWDOOHGLQWKHWHVWV\VWHPDQGDOOPHFKDQLFDOLQWHUIDFHVZHUHPDLQWDLQHG
WREHVWVLPXODWHWKHDFWXDORSHUDWLQJFRQGLWLRQVRIWKHFRPEXVWRULQWKH2)7

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5. Test facility 
,QRUGHUWRUHGXFHGHYHORSPHQWFRVWDQGVFKHGXOHDQH[LVWLQJIDFLOLW\ZDVPRGLILHGWRVXSSRUW2)7WHVWLQJ
&(6¶ .LPEHUOLQD WHVW IDFLOLW\ ORFDWHG LQ %DNHUVILHOG &DOLIRUQLD DOUHDG\ IHDWXUHG RQVLWH VWRUDJH VXSSOLHV RI
FRPSUHVVHG1*R[\JHQDQGGHLRQL]HG',ZDWHUWRIHHGLWVWZRRQVLWH2)FRPEXVWRUV,WZDVGHWHUPLQHGHDUO\
RQLQWKHSURJUDPWKDWWKLVIDFLOLW\FRXOGEHUHDGLO\XSJUDGHGWRDFFRPPRGDWHORZSRZHUWHVWLQJRIWKHLQGXVWULDO
VFDOH2)7)LJXUHLVDVFKHPDWLFRIWKH.33WHVWVHWXSIRU2)7GHPRQVWUDWLRQ


)LJ6FKHPDWLFRI2)7WHVWVHWXSDW&(6¶.LPEHUOLQDWHVWIDFLOLW\
5.1. Deionized water system 
7KH',ZDWHULVVXSSOLHGWR.33E\ZHOOZDWHUWKDWLVSXPSHGWRVLWHUXQWKURXJKUHVLQLRQH[FKDQJHEHGVDQG
VWRUHG LQDJDOORQ VXSSO\ WDQN 7KHTXDOLW\RI WKHZDWHU LV OHVV WKDQ ILYHSDUWVSHUPLOOLRQ WRWDOGLVVROYHG
VROLGV DIWHU WUHDWPHQW  7R VXSSO\ WKH',ZDWHU WR HTXLSPHQW GXULQJ WHVWLQJ WKH VLWH¶VPDLQ+3 IHHGZDWHU SXPS
ZKLFKGHOLYHUV*30DWSVLZDVXVHG
5.2. Fuel supply system 
7KHIXHOVXSSO\V\VWHPLVFRPSULVHGRISLSHOLQHTXDOLW\1*WKDWLVFRPSUHVVHGXSWRSVLEDUWKURXJK
DVHULHVRIFRPSUHVVRUVDQGVWRUHGLQDFFXPXODWRUVZLWKDWRWDOFDSDFLW\RIDSSUR[LPDWHO\VFI7KH1*LV
WKHQ IHG LQWR WKHSODQW¶VPDLQ VXSSO\ KHDGHU IURPZKLFK WKHRQVLWH2) FRPEXVWRUV FRQVXPH WKH IXHO GRZQ WR D
PLQLPXPSUHVVXUHRISVL EDU 7KLV FRUUHVSRQGV WR D XVDEOH JDV FDSDFLW\ RI OEZKLFKGXH WR WKH
GHPDQGVRIWKHLQGXVWULDOVFDOH2)7OLPLWHGWHVWGXUDWLRQVWRDSSUR[LPDWHO\RQHKRXU
5.3. Oxygen supply system 
7KH.33 R[\JHQ V\VWHP LQFOXGHV DQ  JDOORQ OLTXLG R[\JHQ /2; WDQN D  JDOORQ SHUPLQXWH /2;
SXPS D /2; YDSRUL]HU DQG +3 2 DFFXPXODWRUV  7KH DFFXPXODWRUV RSHUDWH DW  SVL SURYLGLQJ D WRWDO RI
VFIRIJDV7KHWDQNDQGDFFXPXODWRUVHTXDWHWRDVXSSO\RIOERIR[\JHQ+RZHYHUWKH/2;SXPS
OLPLWV WKHDPRXQWRIXVHDEOHJDVHRXVR[\JHQ WRDSSUR[LPDWHO\ OEDJDLQ OLPLWLQJ WHVWLQJ WRVKRUWGXUDWLRQV
RQO\
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5.4. Oxy-fuel combustor 
&(6¶0:WFRPPHUFLDOVFDOH2)FRPEXVWRU)LJXUHZDVXVHGWRVXSSO\DVWHDP&2GULYHJDVWRERWK
WKH2)7DQG WKH5+ WHVW ULJ 1*DQG2DUHFRPEXVWHGDW WKH IURQWHQGRI WKHFRPEXVWRU WKDQ',ZDWHU LV
LQMHFWHG LQ VWDJHV WR FRRO FRPEXVWLRQJDVHV WR WKHGHVLUHG RXWOHW WHPSHUDWXUH QRPLQDOO\ ) & IRU WKHVH
WHVWV7KHSURGXFHGVWHDP&2:)LVWKHQGXFWHGWRWKHVLWH¶VPDLQVWHDPSLSLQJV\VWHPWKDWFRQQHFWVWRDQH[KDXVW
VWDFNWKH2)7DQGWKH2)75+WHVWULJ5HPRWHRSHUDWLQJYDOYHVDOORZWKH**H[KDXVWWREHGLUHFWHGWR
WKHVWDFNWKH2)7WHVWDUWLFOHRUERWKDWDQ\WLPHGXULQJRSHUDWLRQ

D E
)LJ&(60:WR[\IXHOFRPEXVWRUDVLGHYLHZEIURQWYLHZ
5.5. Power generation and dissipation systems 
7KH2)7GULYHVD0:H%UXVKHOHFWULFJHQHUDWRU WKURXJKD/XINLQUHGXFLQJJHDUER[ 1RPRGLILFDWLRQV
ZHUHQHFHVVDU\WRWKHVHV\VWHPVWKDWFDPHZLWKWKHXVHG6*7(FRQRSDFSXUFKDVHRQO\PLQRULQVSHFWLRQVDQG
UHIXUELVKPHQWV7KHJHQHUDWHGSRZHUZDVGHOLYHUHGWKURXJKDQXQGHUJURXQGGXFWEDQNWRUHVLVWLYHORDGEDQNV7KH
IRXUVHWVRI$YWURQORDGEDQNVSXUFKDVHGDQGLQVWDOOHGDWVLWHFDQGLVVLSDWHXSWR0:H
5.6. Reheater test rig 
$WHVWULJGHVLJQHGWRVLPXODWHWKRIWKH2)7¶VUHKHDWFRPEXVWLRQV\VWHPLQFOXGLQJDVLPXODWHGWUDQVLWLRQ
SLHFH ± XVHG WR GXFW H[KDXVW JDVHV WR WKH 2) WXUELQH¶V LQOHW JXLGH YDQHV ± ZDV IDEULFDWHG LQVWUXPHQWHG DQG
LQVWDOOHGDW&(6.337KHULJZDVVL]HGWRWHVWDVLQJOHIXOOVFDOH2)75+DWIXOOSRZHUIRUVKRUWGXUDWLRQV
OHVVWKDQRQHKRXU6SHFLDOFDUHZDVWDNHQWRHQVXUHDOOIORZSDWKVZRXOGUHSOLFDWHWKHDFWXDOFRQGLWLRQVLQVLGHWKH
2)7HQJLQH(YHQVPDOOOHDNDJHUDWHVRIVWHDP&2DWWKHFRPEXVWRU¶VLQWHUIDFHVZHUHLQFRUSRUDWHGLQWRWKH
GHVLJQ
6KRZQLQ)LJXUHWKHVLQJOHFDQ5+WHVWULJLVFRPSULVHGRIIRXUVHFWLRQVDIRUZDUGFRPEXVWRUVHFWLRQDQDIW
FRPEXVWRUVHFWLRQDQLQVWUXPHQWDWLRQVHFWLRQDQGDQDWWHPSHUDWRUVHFWLRQ7KHFRPEXVWRULWVHOILVKRXVHGLQWKH
XSVWUHDPRU IRUZDUG FRPEXVWRU VHFWLRQ 7KLV LVZKHUH WKH IXHOR[\JHQ DQG:)DUH FRPELQHG DQG FRPEXVWHG
LQVLGHWKHWHVWDUWLFOHFRPEXVWRU7KHSURGXFWVRIFRPEXVWLRQDUHWKHQGXFWHGGRZQVWUHDPWRWKHLQVWUXPHQWDWLRQ
VHFWLRQZKHUH WHPSHUDWXUH DQG SUHVVXUH SURILOHV DUH FRQWLQXRXVO\PRQLWRUHG  ,Q WKH FRPEXVWRU VHFWLRQV EXUQHU
PRXQWLQJSRLQWVUHSOLFDWHDFWXDO2)7HQJLQHKDUGZDUH'XHWRWKHKLJKRSHUDWLQJWHPSHUDWXUHVLQWKHVHVHFWLRQVD
UHYHUVHIORZZDWHUFLUFXLW LVXVHGWRFRROWKHZDOOVDQGNHHSPHWDO WHPSHUDWXUHVZHOOZLWKLQVDIHRSHUDWLQJOLPLWV
7KH ODVW VHFWLRQ WKH DWWHPSHUDWRU VHFWLRQ LQMHFWV ZDWHU LQWR WKH KRW JDV SDWK WR FRRO DQG SUHSDUH FRPEXVWLRQ
SURGXFWVIRUH[KDXVWWRDWPRVSKHUH

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D E
)LJ6ROLGPRGHOVRIWKH2)7VLQJOHFDQ5+WHVWULJDFRPSOHWHWHVWVWDQGEPLGVHFWLRQFXWDZD\RIFRPEXVWRUVHFWLRQV
7KHWHVWULJDQGDOOVXSSO\V\VWHPVDUHKHDYLO\LQVWUXPHQWHGWRFDSWXUHFRPSUHKHQVLYHSHUIRUPDQFHGDWDGXULQJ
WHVWLQJ)RUH[DPSOHDVHULHVRIIORZPHDVXUHPHQWVPHWHUVDQGFRQWUROYDOYHVDUHXVHGWRIHHGIXHODQGR[\JHQWR
WKHIURQWRIWKHULJFRPEXVWRU 7KH:)LVPRGXODWHGLQWRWKHVLGHRIWKHULJXVLQJDSUHVVXUHFRQWUROYDOYHDQGD
VWHDPE\SDVVORRS)LJXUH7KHVHIORZUDWHVFDQEHUDPSHGWRVXSSRUWDVLQJOHEXUQHURSHUDWLQJDWSRZHU
IRUVKRUWGXUDWLRQV7KHWHVWULJLVDOVRHTXLSSHGZLWKLQVWUXPHQWDWLRQWRPRQLWRUULJDQGFRPEXVWRUKHDOWKGXULQJ
RSHUDWLRQ
7ZRNH\SDUDPHWHUVWRGLDJQRVH5+SHUIRUPDQFHLVFRPEXVWRUH[KDXVWWHPSHUDWXUHDQGHPLVVLRQVSURILOH 7R
FDSWXUH WHPSHUDWXUH SURILOH GDWD WZR DLU FRROHG 7& UDNHV HDFK ZLWK HLJKW .W\SH 7&V DUH LQVWDOOHG LQ WKH
LQVWUXPHQWDWLRQVHFWLRQ7KHIRUZDUGUDNHLVURWDWHGFORFNZLVHIURPWKHULJ¶VWRSGHDGFHQWHUZKLOHWKHDIWUDNH
LVURWDWHGFRXQWHUFORFNZLVHRIIWRSGHDGFHQWHU'RZQVWUHDPRIWKHULJ¶VDWWHPSHUDWRUVHFWLRQDVOLSVWUHDPRI
H[KDXVWJDVLVGXFWHGWRDFRQWLQXRXVHPLVVLRQVPRQLWRULQJV\VWHP&(06WKDWFDSWXUHVFDUERQPRQR[LGH&2
QLWURJHQR[LGHV12[DQG2HPLVVLRQVGU\EDVLV7KHVHGDWDFDQWKHQEHFRPSDUHGWRWKH&(06GDWDWKDWDUH
VDPSOHG GRZQVWUHDP RI WKH SULPDU\ 2) FRPEXVWRU XSVWUHDP RI WKH 5+ WR GHGXFH DQ\ FKDQJHV LQ :)
FRPSRVLWLRQ$OVREDJVDPSOHVRIWKHGU\H[KDXVWJDVHVFDQEHWDNHQIURPHLWKHUORFDWLRQGXULQJWHVWLQJIRURXWVLGH
ODERUDWRU\DQDO\VHVRI2&212[K\GURJHQ+DQGXQEXUQHGK\GURFDUERQV
5.7. Carbon dioxide supply system 
$IWHU WKH ILUVW VHULHV RI WHVWV RI WKH 2)7 VLQJOHFDQ 5+ ZHUH FRPSOHWH WKH ULJ ZDV XSJUDGHG WR DFFHSW
DGGLWLRQDO &2 LQWR HLWKHU WKH :) RU WKH IXHO IHHG FLUFXLWV  /LTXLG &2 /&2 ZDV VXSSOLHG IURP D PRELOH
FU\RJHQLFVWRUDJHWDQNGHOLYHUHGWRWKHVLWHE\WKHORFDOVXSSOLHU7KHWDQNVWRUHGDSSUR[LPDWHO\WRQVWRQQH
RI/&2WKDWZDVPDLQWDLQHGDWURXJKO\SVLEDUE\DSUHVVXUHEXLOGLQJFRLO:KHQWHVWLQJWKH/&2ZDV
IHGWRDVHULHVRIDPELHQWDLUYDSRUL]HUVDWIORZUDWHVXSWROEPVNJV7KLVLVGHSLFWHGLQWKH2)75+
WHVWVFKHPDWLFRI)LJXUH'XHWRWKHOLPLWHGVXSSO\VWRUDJHDQGIORZUDWH5+WHVWVFRXOGRQO\EHFRQGXFWHGZLWK
&2IORZLQJWRHLWKHUWKH:)RUIXHOFLUFXLWVQRWERWK

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)LJ6FKHPDWLFRI2)7VLQJOHFDQ5+WHVWVHWXSDW&(6¶.LPEHUOLQDWHVWIDFLOLW\
6. Test results 
6.1. Results of single-can reheater tests on steam-rich/ CO2 working fluid 
7KHILUVWWHVWFDPSDLJQRIWKH2)7UHKHDWFRPEXVWRUGHPRQVWUDWHGVXFFHVVIXORSHUDWLRQRQVWHDPULFK&2
:)DWKHDWUDWHVXSWRRIWKHGHVLJQYDOXH7KHLQMHFWRULWVHOIH[KLELWHGQRGDPDJHDQGSHUIRUPHGDVGHVLJQHG
7KHSUHVVXUHGURSDFURVV WKHFRPEXVWRUZDVEHWZHHQRI WKH LQOHWSUHVVXUHZKLFK LVEHWWHU WKDQWKHGHVLJQ
JRDORIOHVVWKDQ7KHIXHOFLUFXLWKDGDSUHVVXUHGURSEHWZHHQDQGRIWKHLQOHWSUHVVXUHZKLOHWKH2
FLUFXLWKDGDSUHVVXUHGURSEHWZHHQDQG7KHPD[LPXPIXHOUDPSUDWHDFKLHYHGZDVPLQXWHZKLFK
ZDVOLPLWHGE\FRQWUROYDOYHVQRWWKH5+KDUGZDUH
3DWWHUQ IDFWRU 3) LVDQ LPSRUWDQWSDUDPHWHUXVHG WRJDJHFRPEXVWRUSHUIRUPDQFHE\TXDQWLI\LQJ WHPSHUDWXUH
YDULDWLRQVRYHUDFURVVVHFWLRQRI WKHFRPEXVWRUH[KDXVWVWUHDP 3)LVGHILQHGDV WKHGLIIHUHQFH LQ WKHPD[LPXP
PHDVXUHGH[KDXVWWHPSHUDWXUH7H[KBPD[DQGWKHDYHUDJHPHDVXUHGH[KDXVWWHPSHUDWXUH7H[KBDYHRYHUWKHGLIIHUHQFH
RIWKHDYHUDJHPHDVXUHH[KDXVWWHPSHUDWXUHDQGWKHDYHUDJHLQOHWWHPSHUDWXUH7LQBDYHDVVKRZQLQ(TXDWLRQ
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
7\SLFDOFRPEXVWRUVKDYH3)VEHORZZKHUHDV WKHGHVLJQJRDO IRU WKH3)RI WKH&(6FRPEXVWRUZDV
7KHPHDVXUHG3)VZHUHEHWZHHQDQGIDUH[FHHGLQJWKHGHVLJQWDUJHW
'XULQJ WKH WHVW FDPSDLJQ D ODUJH QXPEHU RI RSHUDWLQJ FRQGLWLRQV ZHUH UXQ WR H[SORUH WKH 5+V LJQLWLRQ DQG
RSHUDWLQJHQYHORSHV  ,WZDVIRXQG WKDW WKH5+LVFDSDEOHRI LJQLWLRQVZLWKVWHDPWR IXHOPDVV UDWLRVRIDQG
RSHUDWLRQZLWKVWHDPWRIXHOPDVVUDWLRVRI7KHPD[LPXPVWHDPWRIXHOUDWLRZDVQRWLGHQWLILHG7KURXJKRXW
WHVWLQJWKHUHZHUHQRVLJQVRIFRPEXVWLRQLQVWDELOLW\
7KHFRPEXVWRUOLQHUVXIIHUHGVRPHGDPDJHZKHQWKHIXHOGHPDQGUHDFKHG7KHFRPEXVWLRQOLQHUZLOO
UHTXLUHVRPHUHGHVLJQWRDYRLGGDPDJHEXW WKHUHGHVLJQGRHVQRWSRVHDVLJQLILFDQWGHYHORSPHQWULVNEHFDXVHWKH
VHQVLWLYH ]RQHV ZHUH DFFXUDWHO\ SUHGLFWHG E\ FRPSXWDWLRQDO DQDO\VHV DQG VROXWLRQV KDYH EHHQ LGHQWLILHG  $
FRPEXVWLRQOLQHUUHGHVLJQLVDOUHDG\XQGHUZD\DQGZLOOEHLPSOHPHQWHGLQWKHQH[WURXQGRIWHVWLQJZKHUHORQJHU
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WHVWGXUDWLRQVDWKLJKSRZHUOHYHOVXSWRDUHSODQQHG+RZHYHUGXHWRIXQGLQJOLPLWDWLRQVWKHVHWHVWVDUHRQ
KROGLQGHILQLWHO\
6.2. Results of single-can reheater tests on CO2-rich/steam working fluid 
$QXPEHURI2)75+WHVWVZHUHSHUIRUPHGGXULQJWKHSHULRGIURP'HFWKURXJK0DUXVLQJWKH
QRUPDO2DQG1*VXSSOLHVDQGD:)RI VWHDP&2RUSXUH&2 7KHVWHDPVRXUFH IRU WKHHDUO\ WHVWVZDV WKH
SULPDU\2)FRPEXVWRURU**DQGWKHVXSSOHPHQWDO&2FDPHIURPWKHFRPPHUFLDO&2VXSSO\V\VWHPGHVFULEHG
DERYH 7KHVHWHVWVFOHDUO\GHPRQVWUDWHGWKDW WKH2)75+RSHUDWLQJRQVWHDPULFK:)2DQG1*ZLOO
FRQWLQXH WR RSHUDWH VDWLVIDFWRULO\ DV DGGLWLRQDO &2 LV LQWURGXFHG LQWR WKH ZRUNLQJ IOXLG DQG  WKH 5+ ZLOO
VXFFHVVIXOO\ VWDUW RQ D VWHDP&2:) VLJQLILFDQWO\ HQULFKHG LQ &2 FRPSDUHG ZLWK WKH QRUPDO VWHDPULFK **
H[KDXVWFRPSRVLWLRQ
$ VHULHV5+ OLJKWRIIV DQGYHU\ VKRUWGXUDWLRQ UXQVZDVSHUIRUPHGXVLQJYDSRUL]HG&2 IURP WKHFRPPHUFLDO
VXSSO\DVWKHVROHVRXUFHRIZRUNLQJIOXLGWRWKHUHKHDWHU7KHDYHUDJHLJQLWLRQGHOD\EDVHGRQSUHVVXUHUHVSRQVH
WLPHVDWWKHIXHOLQOHWZDVVHF7KHVHWHVWVGHPRQVWUDWHGWKDWWKH2)75+UHOLDEO\DQGUHSHDWHGO\VWDUWVLQ
DSXUH&2ZRUNLQJIOXLGRYHUDUDQJHRIVWDUWXSFRQGLWLRQV
2WKHU5+WHVWVZHUHSHUIRUPHGXVLQJ&2IURPWKHFRPPHUFLDO&2VXSSO\V\VWHPWRHQULFKWKH:)VXSSO\WR
WKH5+7KHRSHUDWLQJWLPHVDQG:)LQOHWSUHVVXUHVUDQJHGIURPWRPLQXWHVDQGSVLEDU
UHVSHFWLYHO\7KH&2FRQFHQWUDWLRQRIWKHVWHDP&2:)HQWHULQJWKH5+UDQJHGIURPaWRYRODQGWKH
5+ILULQJUDWHYDULHGIURPWR0:W/+97RWDOPDVVIORZUDWHVWKURXJKWKH5+UDQJHGIURPWR
OEVRUaOEKU&2HPLVVLRQVLQWKH5+H[KDXVWZHUHaOE00%WX
)URPWKLVVHULHVRI5+WHVWVLWZDVFRQFOXGHGWKDWWKHFXUUHQW2)75+KDVWKHFDSDELOLW\WRVWDUWDQGRSHUDWH
UHOLDEO\ZLWK:)VIDUULFKHULQ&2WKDWLWZDVGHVLJQHGWRDFFRPPRGDWH$VH[DPSOHVWKH5+UHOLDEO\VWDUWHGRQ
:)VFRQWDLQLQJXSWR&2DQGRSHUDWHGLQDVXVWDLQHGIDVKLRQRQ:)VFRQWDLQLQJXSWRaYRO&2WKH
OLPLW RI WKH WHVW IDFLOLW\ ZKHUHDV WKH GHVLJQ EDVLV ZDV a YRO &2 DQG  YRO VWHDP  7KH H[KDXVW IURP
WKH2)75+ZDVPRUHXQLIRUPLQWHPSHUDWXUHWKDQLVFRPPRQO\REVHUYHGLQFRQYHQWLRQDOFRPEXVWRUVIRU*7V
6.3. Results of single-can reheater tests on steam-rich/ CO2 working fluid using CO2-contaminated natural gas 
$ VHULHV RI WHVWV ZDV SHUIRUPHG WR GHWHUPLQH WKH DSSUR[LPDWH OLPLW RI &2 LQ D 1* IXHO WKDW ZLOO VXVWDLQ
FRPEXVWLRQZKLOHKHDWLQJDVWHDPULFKVWHDP&2:)FRPSULVHGRIVWHDPDQG&2E\YROXPHDQG WR
GHWHUPLQHWKHDSSUR[LPDWHOLPLWRI&2LQWKHIXHOWKDWZLOOLJQLWHZLWK2LQWKHSUHVHQFHRIVWHDPULFKVWHDP&2
7KUHHVXFFHVVIXO5+IODPHRXWWHVWVGHILQHGWKHXSSHUOLPLWLQJ&2FRQFHQWUDWLRQLQ1*WREHaDQG
YROIRUWKH2)7UHKHDWFRPEXVWRUWHVWV\VWHP(OHYHQLJQLWLRQOLPLWVWHVWVGHILQHGWKHLJQLWDEOHXSSHUOLPLW
RQWKHFRQFHQWUDWLRQRI&2LQ1*ZLWK2DQGLQWKHSUHVHQFHRIIORZLQJVWHDP&2:)WREHEHWZHHQ
YRO
6.4. Results of industrial-scale oxy-fuel turbine tests 
7KHILUVWURXQGRI2)7WHVWVHQFRPSDVVHG³KRW´ WHVWVRIWKH2)7WXUELQHJHQHUDWRUV\VWHP 7KHVH
WHVWVGLGQRW LQFRUSRUDWH WKHHLJKW UHKHDWHUV WKDWZRXOGQRUPDOO\EH LQWHJUDWHG LQ WKHFRPSOHWHV\VWHP 7KHGULYH
JDVHVIRUWKHWXUELQHZHUHSURYLGHGGLUHFWO\E\WKH0:W**V\VWHPDFURVVUXQVRIWKH**7KHWHVWVZHUH
SHUIRUPHGGXULQJWKHSHULRGIURP-DQXDU\WR0DUFK7KH**RSHUDWHGRQ21*DQG',ZDWHUIRUDWRWDORI
KRXUVDWSRZHU OHYHOVXS WRRI UDWHGSRZHU 0:WDQGPDVV IORZUDWHVXS WRa OEVHFRYHU WKH
FRXUVHRIWKHWHVWV7KH2)7WXUELQHJHQHUDWRUV\VWHPRSHUDWHGIRUDWRWDORIKRXUVDWWXUELQHVSHHGVXSWR
USPLQOHWSUHVVXUHVXSWRSVLJDQGLQOHWVWHDP&2WHPSHUDWXUHVXSWR)GXULQJWKHVHULHVRIWHVWV
7KHILUVWWZR2)7WHVWVGHPRQVWUDWHGWKHUDSLGUHVSRQVHRIWKHWXUELQHWRWKHDGPLVVLRQRIVWHDP&2GULYHJDVHV
IURPWKH**7KHPD[LPXPDFFHOHUDWLRQZDVaUSPVHFDQGGHFUHDVHGWRWRUSPVHFZLWKLQDIHZVHFRQGV
2)75XQVGHPRQVWUDWHGDXWRPDWLFWXUELQHVSHHGFRQWURODWVHYHUDOVSHHGVLQWKHUDQJHRIUSPE\
PRGXODWLRQRIWKHE\SDVVYDOYHWRWKHVWDFN7KHPD[LPXPWXUELQHDFFHOHUDWLRQLQWKHVHWHVWVZDVaUSPVHF
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6XEVHTXHQW WHVWV UHILQHG WKH WXUELQH VSHHG FRQWURO ORJLF DQG GHPRQVWUDWHG DXWRPDWLF WXUELQH VSHHG FRQWURO E\
PRGXODWLRQRIWKHGULYHJDVIORZUDWH WR WKHWXUELQHDQGRU WKHHOHFWULFDO ORDGRQWKHWXUELQHJHQHUDWRU 'ULYHJDV
IORZUDWHVXSWRaOEVHFDQGHOHFWULFDOORDGVXSWRa0:HZHUHXVHGLQWKHVHWHVWV0RGXODWLRQRIHOHFWULFDO
ORDGZDVIRXQGWREHDPXFKPRUHUHVSRQVLYHDQGDFFXUDWHPHWKRGIRUFRQWUROOLQJWXUELQHVSHHGWKDQPRGXODWLRQRI
WKHGULYHJDVHV WR WKH WXUELQH 0D[LPXPWXUELQHDFFHOHUDWLRQYDOXHVUDQJHGIURPUSPVHFDQG WKHDYHUDJH
PD[LPXP DFFHOHUDWLRQ ZDV a USPVHF  7KH VKRUWHVW WXUELQH VSLQXS WLPH WR QHDUIXOO VSHHG a USP
DFKLHYHGLQWKHVHWHVWVZDVDSSUR[LPDWHO\ILYHPLQXWHVEXWVKRUWHUWLPHVDUHSRVVLEOHZLWKPRUHUDSLGUDPSLQJRIWKH
GULYHJDVVXSSO\UDWH6HYHUDOWHVWVGHPRQVWUDWHGWKDWWKH2)7FRQWUROV\VWHPZLOODXWRPDWLFDOO\DQGVDIHO\VKXW
GRZQWKHV\VWHPZKHQHYHUDSURJUDPPHG³NLOO´OLPLWLVH[FHHGHG
7XUELQHYLEUDWLRQ LVVXHVZHUHREVHUYHG LQ WKHHDUO\ WHVWVSDUWLFXODUO\DW WKH IURQW WXUELQHEHDULQJDQGQHDU WKH
FULWLFDOWXUELQHVSHHGaUSP7KHLVVXHVZHUHUHVROYHGE\UHEDODQFLQJWKHWXUELQHURWRUDQGUDSLGO\SDVVLQJ
WKURXJKWKHFULWLFDOWXUELQHVSHHGUHJLRQ
)URP WKLV ILUVW SKDVH RI WHVWLQJ LW LV FRQFOXGHG WKDW WKH 2)7 V\VWHP IXQFWLRQV RQ 2) VWHDP &2
FRPEXVWLRQ SURGXFWV DW WKH PRGHVW WHPSHUDWXUHV DQG IORZ UDWHV DYDLODEOH DW WKH WHVW VLWH LQ DFFRUGDQFH ZLWK
SUHGLFWLRQV DQG H[SHFWDWLRQV  )XUWKHU WHVWLQJ ZLWK WKH 2) 5+V LQVWDOOHG DQG RSHUDWLRQ DW KLJKHU GULYH JDV
WHPSHUDWXUHV SUHVVXUHV DQG GXUDWLRQV DUH ERWK GHVLUDEOH DQG QHFHVVDU\ WR IXOO\ GHILQH WKH FDSDELOLWLHV DQG
DFFHSWDEOHRSHUDWLQJERXQGDULHVRIWKH2)7V\VWHP
4. Conclusions 
6HYHUDOWHVWVZHUHFRQGXFWHGWRSURYHWKHIHDVLELOLW\RIFRQYHUWLQJDQH[LVWLQJLQGXVWULDODLUEUHDWKLQJ*7HQJLQH
IRU XVH DV DQ 2) ,37 LQ FRPPHUFLDOVFDOH 2) SRZHU F\FOHV  $IWHU GHWDLOHG GHVLJQ PDQXIDFWXUH LQVWDOO DQG
FRPPLVVLRQLQJFRPSRQHQWWHVWVZHUHFRQGXFWHGRQDPRGLILHG6*7%HQJLQHDQGDVLQJOHIXOOVFDOH2)
UHKHDW FRPEXVWRU 7KHVH WHVWSURYHG WKHSODWHOHWEDVHG5+GHVLJQ WREHYHU\ UREXVW LJQLWLQJDQGRSHUDWLQJZLWK
ZLGHUDQJHVRI&2LQWKHIXHODQG:)VWUHDPVDQGDWYHU\KLJK:)WRIXHOUDWLRV7KHFRQYHUWHG6*7QDPHG
WKH2)7ZDVGHPRQVWUDWHGXVLQJD&(6**WRSURYLGHDZDUPVWHDP&2:)DWORZSUHVVXUHDQGIORZUDWHV
WR WKH WXUELQH  7KH2)7SURGXFHGSRZHU XVLQJ D VWDQGDUGJHDUER[ DQG HOHFWULF JHQHUDWRU DQGSURYHG WR EH
FRQWUROODEOHE\HLWKHUPRGXODWLQJWKHLQOHW:)VWUHDPRUJHQHUDWRUH[FLWDWLRQ
$OWKRXJK WKHVH UHVXOWVDUHHQFRXUDJLQJDGGLWLRQDO WHVWLQJ LV UHFRPPHQGHG WR IXUWKHUYHULI\SHUIRUPDQFHRI WKH
2)7V\VWHP%RWKWKHVLQJOHFDQ5+DQG2)WXUELQHFRPSRQHQWGHPRQVWUDWLRQVVKRXOGEHFRQGXFWHGDJDLQDW
KLJKHUSRZHUOHYHOVDQGIRUORQJHUGXUDWLRQV,WLVUHFRPPHQGHGWKDWWKHFRPEXVWLRQOLQHUIURPWKH6*7HQJLQH
QRWEHUHXVHGRQWKHSODWHOHWEDVHG2)UHKHDWHULQVWHDGLWVKRXOGEHUHSODFHGZLWKDQHZGHVLJQVSHFLILFDOO\WRVXLW
WKHKHDWWHPSHUDWXUHSURILOHRIWKH2)5+7KH2)7VKRXOGEHRSHUDWHGDWKLJKHUORDGVWRSURYHURWRUYLEUDWLRQ
LVVXHVKDYHEHHQUHVROYHG 7KHQ WKHHLJKW2)UHKHDWFRPEXVWRUVVKRXOGEHLQVWDOOHGRQWKHHQJLQHWRYHULI\WKH
SHUIRUPDQFHZLWK LQFUHDVHG7,7 7KLVPD\ LQYROYH IXUWKHU XSJUDGLQJ WKH.LPEHUOLQD WHVW IDFLOLW\ WR VXSSRUW WKH
LQFUHDVHGGHPDQGVRQ1*2DQG',ZDWHUVXSSOLHVDVZHOODVHOHFWULFDOQHHGVSDUDVLWLFDQGGLVVLSDWLRQ$WWKLV
WLPHWKHVHUHFRPPHQGHGQH[WWHVWVKDYHEHHQSODFHGRQKROGLQGHILQLWHO\
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